Accurate and reliable flood forecasting plays an important role in flood control, reservoir operation, and water resources management. Conventional hydrological parameter calibration is based on an objective function without consideration for forecast performance during lead-time periods. A novel objective function, i.e., minimizing the sum of the squared errors between forecasted and observed streamflow during multiple lead times, is proposed to calibrate hydrological parameters for improved forecasting. China's Baiyunshan Reservoir basin was selected as a case study, and the Xinanjiang model was used. The proposed method provided better results for peak flows, in terms of the value and occurrence time, than the conventional method. Specifically, the qualified rate of peak flow for 4-, 5-, and 6-h lead times in the proposed method were 69.2%, 53.8%, and 38.5% in calibration, and 60%, 40%, and 20% in validation, respectively. This compares favorably with the corresponding values for the conventional method, which were 53.8%, 15.4%, and 7.7% in calibration, and 20%, 20%, and 0% in validation, respectively. Uncertainty analysis revealed that the proposed method caused less parameter uncertainty than the conventional method. Therefore, the proposed method is effective in improving the performance during multiple lead times for flood mitigation.
INTRODUCTION
Floods are the most common natural disasters and cause the highest number of casualties and the greatest extent of damage of all natural disasters (Jonkman ; Badrzadeh et al. ; Xie et al. ) . Flood disaster mitigation can be achieved by non-structural measures such as hydrological forecasting, which can be used to support warnings and reduce the risk of large damage, and can also be used to provide effective information for water scheduling to achieve sustainable development (Chen & The parameters in a conceptual model are often calibrated based on hydrological simulation. However, hydrological forecasting differs from simulation (Beven & Young ; Nicolle et al. ) . Forecasting is the process of predicting future situations based on past information and present hydrological data. Simulation is the imitation of a real hydrological process or system. For the purpose of achieving longer forecasting lead times, it is sensible to build an objective function by considering potential future rainfall during lead-time periods. Therefore, the hydrological parameters calibrated by this objective function do not only reflect key characteristics, but also have the ability to further improve forecasts for given lead times.
In this study, a novel objective function, i.e., minimizing the sum of squared errors between forecasted and observed streamflow during multiple lead times, is proposed to calibrate the hydrological parameters. The proposed method is used to improve the forecasting accuracy for longer lead times in the Baiyunshan Reservoir, China.
METHODOLOGY
As shown in Figure 1 , the proposed method utilizes the Xinanjiang model to estimate the forecasted streamflow during the lead time. The forecasted streamflow is based on the inputs of precipitation and evaporation, and an assumption of no rainfall during the lead-time periods. In the conventional method, the parameters are calibrated by matching the observed and simulated streamflows. However, in the proposed method, parameters are calibrated using a novel objective function. This function uses the sum of the squared error between the forecasted and observed streamflow within the lead times.
Xinanjiang model
The Xinanjiang model is a conceptual rainfall-runoff model that was developed in the mid-1970s for flow forecasting Table 1 .
Objective functions
In the calibration procedure, the parameter quality is affected by the objective function. The conventional objective function for calibrating hydrological parameters is based on errors between simulated and observed stream-
where Q obs t is the observed streamflow at time t (t ¼ 1, 2,…, N), Q pre t,t is the forecasted streamflow at time t based on the Equation (1) aims to identify parameters such that the simulated streamflow at t matches the observed streamflow at t. Hence, if the objective is to forecast streamflow over one time-step ahead as close to the observed streamflow as possible, the objective function can be adjusted as follows:
where Q pre t,tÀ1 is the forecasted streamflow for time t based on the observed rainfall before t À 1. Because the rainfall forecasts may not be available, the rainfall at time t can be pre-determined as zero (Rogelis & Werner ) .
Similarly, the objective function, which ensures that the forecasted streamflow over k lead times matches the observed streamflow at time t, is as follows:
where Q pre t,tÀk is the streamflow at time t that is forecasted at time t À k. Because the rainfall forecasts are assumed to be unavailable, the rainfall from t À k þ 1 to t is zero.
The proposed method involves obtaining reliable forecasted streamflow from 1 to k lead times simultaneously.
For these multiple objectives, the calibration problem is as follows:
Since trade-offs exist between the different objective functions over various lead times, it is difficult to solve the multiple objectives' problem. Thus, a single objective optimization problem was built by integrating multiple objectives, and is as follows:
Equation (5) 
Markov chain Monte Carlo (MCMC) method
The MCMC method has been widely implemented to simulate observations from unwieldy distributions in hydrology and in the water resources fields (e.g., Liu et al. , ) . In this study, the MCMC method was used for parameter uncertainty analysis. Parameter sets of the Xinanjiang model were derived with specific distributions by producing samples. measures are as follows:
where L con (θ) and L pro (θ) are the likelihood measures used to analyze uncertainty in the parameters of the conventional and proposed methods, respectively.
Model evaluation criteria
The performance of the forecasting models was evaluated using five criteria. These criteria are commonly used in the Xinanjiang model. The formulae are as follows:
1. Nash-Sutcliffe efficiency (NSE)
2. Root mean square error (RMSE)
3. Water balance index (WBI)
4. Qualified rate of peak flow (QRF)
5. Qualified rate of peak time (QRT).
where W pre and W obs are the total volume of the predicted and observed flow, respectively; NF is the number of the qualified flood events about peak flow;
NT is the number of the qualified flood events about peak time; and M is the total number of flood events.
These five criteria test model efficiency from different aspects. The NSE compares the residual variance in simulations with observed variance -the closer to unity, the (Figure 3) . The outlet of the basin is at the Baiyunshan Reservoir. Areal precipitation was calculated by the Thiessen polygon method. The average value of evaporation data from the three stations was used as the areal pan evaporation. In the case study, hourly precipitation, pan evaporation, and streamflow data set during the flood seasons are used. Eighteen flood events from 1994 to 2000 were selected to calibrate and validate the model ( Table 2 ). The first 13 flood events from 1994 to 1998 were used for calibration, and the remaining five 
RESULTS AND DISCUSSION
Performance of flood forecasting
The conventional and proposed methods were both used for flood forecasting parameter calibration. Note that equal weights are widely used for parameter calibration ( Jie et al. ) and do not need to be calculated, thereby reducing the computation burden. Hence, ω t is set equal to 1. The conventional method was implemented for 6 h ahead; while the proposed method, using Equation (5), was applied for lead times of 3, 4, 5, and 6 h. The Xinanjiang model was then calibrated to produce five sets of parameters, i.e., one set of parameters for the conventional method, and four sets of parameters for the proposed method. These five sets of parameters were used in the Xinanjiang model to generate runoff during the validation period. The NSE, RMSE, WBI, QRF, and QRT were used as evaluation indicators.
The performances of the conventional and proposed methods are compared in Table 3 
Parameter uncertainty analysis
To further understand the parameters obtained, it is necessary to analyze the parameter uncertainty. As an illustration, Figure 7 | Scatter plots of Nash-Sutcliffe efficiency (NSE) for selected parameters of the Xinanjiang model using (a) the conventional method and (b) the proposed method.
the proposed and conventional methods for a 3-h lead time were implemented using the MCMC. Figure 7 shows scatter plots of the parameter value vs.
the NSE (!0.6), where 10,000 parameter sets were randomly generated from their given ranges and used in flood forecasting for three lead times during 1994 to 1996.
It can be observed that the scatter plots of the conventional and proposed methods are similar. Insensitive parameters 
CONCLUSIONS
The main purpose of this study was to improve the flood- 1. The proposed method significantly outperforms the conventional method when the lead time is longer than 3 h, particularly for flood peak flow in terms of the value and occurrence time.
2. The efficiency of forecasting decreases with increasing lead times, and 5-h ahead forecasting is recommended for practical use in the Baiyunshan Reservoir.
3. The proposed method produces less uncertainty in obtained parameters than the conventional method.
Implemented with MCMC technique, the proposed method can provide a robust probabilistic forecast over multiple lead times.
The proposed method is reliable when providing multiple parameter sets for forecasting with different lead times, and may be used to achieve accurate and longer lead-time basin forecasts for flood disaster mitigation. A flood-forecasting model incorporated with weather prediction can increase forecast lead times from a few hours to a few days. With advanced precipitation forecasting technologies, longer forecasts could be considered that couple accurate rainfall data with the proposed model and thereby increase hydrological forecasting lead times. Future research is recommended to address these issues.
